The purpose of this work is to investigate the effects of activating fluxes and welding parameter to the penetration and depth-to-width ratio (DWR) of weld bead of Inconel 718 alloy welds in the tungsten inert gas (TIG) welding process. In the activating flux with TIG (A-TIG) welding process, the single-component fluxes used in the initial experiment were SiO 2 , NiO, MoO 3 , Cr 2 O 3 , TiO 2 , MnO 2 , ZnO, and MoS 2 . Based on the higher DWR of weld bead, four fluxes were selected to create six new mixtures using 50% of each original flux. The A-TIG weldment coated 50% SiO 2 þ 50% MoO 3 flux and 75 of electrode tip angle were provided with better welding performance. In addition, the experimental procedure of flux-bounded TIG (FB-TIG) welding with the same welding conditions and flux produced full penetration of weld bead on a 6.35 mm thickness of Inconel 718 alloy plate with single pass weld.
INTRODUCTION
Inconel 718 alloy is one of the most widely used nickel-based alloys due to its superior mechanical property and oxidation resistance at high temperature in aerospace, power, and nuclear industries. Electron beam (EB), laser beam (LB), and tungsten inert gas (TIG) welding were known to play important roles in aerospace, military, power plants, and automotive industries. A lot of researches about EB and LB welding on Inconel 718 alloy have been performed because that energy density in these welding is extremely high. A higher depth-to-width ratio (DWR) of weld bead geometry can be easily obtained with small heat input in EB and LB welding process [1] [2] [3] . A few published reports are available on TIG welding of Inconel 718 alloy focus on selection of welding parameters for obtaining optimal weld bead geometry. The TIG welding is one of the mainly applied welding processes in industry to nonferrous and stainless steels for high quality weld and low investment. The welding quality is strongly characterized by the weld bead geometry. The weld bead geometry plays an important role in determining the mechanical properties of the weld [4] . However, the relatively shallow penetration capability and low productivity are the main disadvantage in the TIG welding process. Achieving full penetration of welds and increasing productivity are the main objectives in the welding industry. In order to achieve single pass welds with no edge preparation, instead of multipass procedures, one of the most notable techniques is to use activating flux with TIG (A-TIG) welding process [5] , as shown in Fig. 1a . Chandrasekhar et al. [6] proved that an intelligent methodology based on genetic algorithm has been developed to optimize the A-TIG process parameters to achieve the target weld bead geometry for welding of type 304LN and 316LN stainless steels. Vasudevan [7] used soft computing techniques for modeling and prediction of microstructures of stainless steel welds, modeling weld bead geometry, optimization of A-TIG, and TIG welding process parameters to tailor the weld bead geometry in stainless steel welds. Lin et al. [8] demonstrated that the highest DWR of low carbon steel and stainless steel butt-joint weld bead can be obtained in A-TIG process using 18% TiO 2 and 82% SiO 2 mixed flux. In addition, activating flux is also employed in a new technique called flux bounded-TIG (FB-TIG) to weld aluminum alloy and 304 L stainless steel. In FB-TIG configuration, two separated coatings are applied and the gap between coatings with different size, as shown in Fig. 1b . Sire et al. [9] demonstrated that 6 mm thickness penetration in FB-TIG welding process was obtained at the same welding conditions compared to about 3 mm in conventional TIG welding. Both weld penetrations and DWR are higher (about twice) with FB-TIG welding. Rü ckert et al. [10] showed that the silica coating thickness window is very narrow in A-TIG of 304 L stainless steel welds. The FB-TIG configuration allows of obtaining comparable results for thicker deposits with enlarging of coating thickness. The sensitivity of weld penetration with coating thickness is thus reduced in FB-TIG process.
The purpose of this work is to investigate the effect of both the activating flux and the major welding parameters on the weld bead geometry of the Inconel 718 alloy welds. First, the single-component flux was used to evaluate the effects of weld bead geometry. Then, EXPERIMENTAL PROCEDURE Inconel 718 alloy sheets with dimensions 50 (100 (6.35 mm were prepared for this study; its chemical composition is listed in Table 1 . A EWTh-2 electrode was used to produce a bead-on-plate weld, as shown in Fig. 1 . Before TIG welding, the activating flux was mixed with methanol to produce a paint-like consistency, a layer thickness of approximately 0.2 mm, is applied to the surface of base metal to be welded by means of a brush. The single-component fluxes used in the initial experiment were SiO 2 , NiO, MoO 3 , Cr 2 O 3 , TiO 2 , MnO 2 , ZnO, and MoS 2 . In this work, measurements of the weld bead geometry were performed for evaluation of the quality of activating flux TIG welds of Inconel 718 alloy. It took the width of weld bead and the depth of penetration to describe the weld bead geometry. The DWR of the weld bead geometry of each specimen was selected as the quality characteristic of TIG welding process. An optical microscope was used to measure the depth and width of weld bead geometry of each specimen. All metallographic specimens as shown in Fig. 1c were prepared by mechanical lapping, grinding and polishing to a 0.3 m m finish, followed by etching in a solution containing 2 g of CuCl 2 , 40 ml of CH 3 OH, and 35 ml of HCl.
RESULTS AND DISCUSSION

Effect of Single-Component Flux
The previous studies [11] [12] [13] [14] have revealed that the activating fluxes lead to an increased penetration of weld bead may have two types of action: namely, the Marangoni convection and the electric arc behavior. Some researchers [13, 14] believe that the main mechanism in the weld pool is the Marangoni convection. In traditional TIG welding without activating flux, the temperature coefficient of surface tension on the molten pool generally exhibited a negative value. If the surface tension (r) in the pool center is lower than the temperature at the pool edge, then the surface tension gradient (@r=@T) generates Marangoni convection with the fluid flows from the pool center to the edge in the molten pool, yielding a wide and shallow TIG welds as shown in Fig. 2a . In A-TIG welding with activating fluxes, the temperature coefficient of surface tension on the molten pool changed from a negative to a positive value. Therefore, the surface tension at the pool center is higher than at the pool edge. This indicated that the surface tension gradient change the direction of the fluid flow in the molten pool, a relatively deeper and narrower weld is produced as shown in Fig. 2b . In this work, the welding parameters used in the initial experiment are given in Table 2 . Figure 3a shows the DWR of weld bead geometry of Inconel 718 alloy made by the TIG welding process without activating flux and with different single-component fluxes. The penetration capability of A-TIG welds was obviously higher than that of the traditional TIG welds without activating flux. A-TIG welding with single-component fluxes such as SiO 2 , NiO, MoS 2 , and MoO 3 fluxes produced a significant Marangoni convection and increase the penetration and DWR of Inconel 718 alloy welds. It was found that undercut was observed on the weld bead surface of Inconel 718 alloy welds using MoS 2 flux as shown in Fig. 3b .
Effect of Mixed-Component Flux
Based on the higher DWR of specimens, four single component fluxes were selected to mix with each other using 50% weight percent each. The mixed component fluxes were SiO 2 -MoO 3 , SiO 2 -NiO, MoO 3 -NiO, SiO 2 -MoS 2 , MoS 2 -NiO, and MoS 2 -MoO 3 , and the mixed component fluxes were used for investigating the effect to the DWR of specimens. Figure 4a shows the penetration and DWR of weld bead geometry using the mixed-component fluxes. Comparison of Fig. 3a with Fig. 4a , the DWR of specimens of mixed activating flux TIG welds were higher than that of the welds using 
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single-component fluxes, with the oxide 50% SiO 2 þ 50% MoO 3 mixed flux being the most significant. It was also found that undercut was observed on the weld bead surface of Inconel 718 alloy welds using 50% MoS 2 þ 50% MoO 3 mixed flux as shown in Fig. 4b . However, MoS 2 flux mixed with the other activating flux that produced a significant Marangoni convection such as SiO 2 flux, the undercut not occur in the cross-section of Inconel 718 alloy weld bead, as shown in Fig. 4b .
Effect of Welding Parameters
Huang [15] proved that a mixed component flux, including 30% TiO 2 , 25% SiO 2 , 25% Cr 2 O 3 , and 20% MoO 3 , has the most effect on the penetration and DWR of weld bead increased with higher welding current in the A-TIG welds of JIS 304 stainless steel. Therefore, the 50% SiO 2 þ 50% MoO 3 mixed flux was used to improve the weld bead geometry of Inconel 718 welds and analyze the effect of welding current in the A-TIG welding process. Figure 5a shows that the relationship between weld bead geometry and welding current. It indicated that the penetration and DWR of Inconel 718 alloy welds are best when the welding current is adjusted from 170 to 180 A in this A-TIG welding process. The previous experiment [16] showed that the most significant parameters for DWR of weld bead geometry are welding current and electrode tip angle in TIG welding process. The angle of electrode tip is a major parameter that affects the penetration and DWR of weld bead geometry in the TIG welding process. Goodarzi et al. [17] developed a mathematical model to study the effect of the electrode tip angle on the weld pool properties. The information required to simulate the flow including the heat flux to the workpiece, the input current density, and the gas shear stress, was derived from the arc model. It is found that the buoyancy and electromagnetic forces do not play major roles in determining the flow pattern. Instead, the relative magnitude of the gas shear stress and the surface tension and also the sign of the surface tension determine the flow pattern in the weld pool. The electrode tip angle which alters the gas shear stress and especially the heat flux to the workpiece can produce a significant change in the overall shape and size of the weld pool. In this work, the 50% SiO 2 þ 50% MoO 3 mixed flux and welding current at 180 A were used to analyze the effect of electrode tip angle. Figure 5b shows that the relationship between weld bead geometry and electrode tip angle. It indicated that the penetration and DWR of Inconel 718 alloy welds are best when the electrode tip angle is adjusted from 60 to 75 degrees in A-TIG process.
Effect of Gap Size in FB-TIG
The flux in FB-TIG is applied not as a single cover, but as a set of two parallel coatings, as shown in Fig. 1b . Electrical resistivity of the flux is supposed to channel the incoming electrons onto the central metallic zone exempt from the flux coating. The concept of two separate coatings is also attractive from perspectives of flux consumption if weld penetrations comparable to A-TIG can be obtained over a broad range of coating thickness. Rü ckert et al. [10] demonstrated that the penetration of 304 L stainless steel welds via FB-TIG process higher than that of the welds via A-TIG process using the same silica coating thickness and welding current. Figure 6a shows the effect of gap size on the DWR of Inconel 718 alloy welds. It indicates that the DWR of specimens is best when the gap size was set to 1.2 mm in the FB-TIG process. Comparison of A-TIG with FB-TIG as shown in Fig. 6b demonstrates that the weld bead geometry of Inconel 718 welds via the FB-TIG are slender than that applying A-TIG process. CONCLUSIONS TIG welding with single component fluxes such as SiO 2 , NiO, MoS 2 , and MoO 3 fluxes, and mixed component fluxes such as 50% SiO 2 þ 50%MoO 3 and 50% SiO 2 þ 50% NiO produced a significant increase the penetration and DWR of Inconel 718 alloy welds. However, the undercut of specimen was observed on the weld bead surface of Inconel 718 alloy welds using MoS 2 flux. The improvement of the DWR of Inconel 718 alloy welds from 60 to 75 degrees of electrode angle is 28%. This work demonstrates that the weld bead geometry of Inconel 718 welds via the FB-TIG with 1.2 mm gap are slender than that applying A-TIG process. The FB-TIG process produced full penetration in 6.35 mm-thickness of Inconel 718 alloy plate with single pass weld.
